Abstract-Results of previous laboratory studies suggest that high population density often buffers the effects of chemical stressors that predominately increase mortality. Mortality stressors act to release more resources for the survivors and, therefore, produce less-than-additive effects. By contrast, growth stressors are expected to have opposite results or more-than-additive effects. We investigated the effects of a growth inhibitor (lufenuron) on larval growth and survival of Chironomus riparius and examined its joint effects with density on population growth rate (PGR). Exposure to 60 g/kg sediment or greater inhibited larval growth, and exposure to 88 g/kg or greater often resulted in mortality before reaching emergence. The effects of lufenuron, however, differed with population density. At 88 g/kg, mortalities and, to a lesser extent, reduced fecundity resulted in a reduction in PGR at low density. Conversely, when populations were initiated at high density, PGR was similar to that of controls, because the few survivors reached maturity sooner and started producing offspring earlier. The effect of density as a growth stressor therefore was stronger than the effect of lufenuron, which had effects similar to those of a mortality stressor and produced less-than-additive effects. Longterm studies under field conditions, however, are needed before less-than-additive effects are considered to be the norm.
INTRODUCTION
Chemical effects at the population level often are assessed at low population density using life-table response experiments [1, 2] . Results of these studies indicate that population growth rate (PGR) declines with increasing toxicant concentration, largely because of decreases in the survival and fecundity of individuals. However, results of recent laboratory studies of chemicals that predominately increase mortality (i.e., mortality stressors) suggest that this result is density dependent; thus, toxicants may have qualitatively different effects on PGR at high density [3] . Many of these studies measured the combined effects of density-dependence (operating mainly via food limitation) and chemical stressors on the PGR of aquatic invertebrates. Often, but not always, toxicant effects were buffered when resources initially were limiting. Examples include Chironomus riparius exposed to acute (cypermethrin [4] ) and chronic (cadmium [5] ) mortality stressors (see also [6] [7] [8] ). The combined stressors therefore had less-than-additive effects [3] , presumably because toxicant-related mortalities resulted in more resources for the survivors. In other studies, however, toxicant effects were exacerbated when resources were scarce [9, 10] . In most cases, effects at high and low density differed. This could have important consequences for risk assessors, because field populations often occur at high density but toxicity tests are carried out at low density.
In the present study, we test the population response of the important ecotoxicological indicator species, C. riparius Meigen, subjected not only to mortality but also to growth and density stress. As density increases in C. riparius and food and space become limiting, somatic growth rates decline [11] , * To whom correspondence may be addressed (h.l.hooper@reading.ac.uk).
and juvenile development time increases [5, 12, 13] . Density in C. riparius therefore is, in effect, a growth stressor. Adding another growth stressor with similar effects is likely to have effects that are additive or, if adverse interactions occur, more than additive. In contrast, the effects of mortality stressors are to release more resources for survivors and, therefore, to produce less-than-additive effects, as described above. Mortality and growth stressors therefore are expected to have opposite results.
As a growth stressor, we chose a synthetic insect growth regulator, lufenuron. This novel, lipophilic benzoylphenyl urea pesticide acts by inhibiting the formation or deposition of chitin [14] , an essential component of the arthropod exoskeleton. Reported effects of lufenuron on target pests include failure to molt, reduced body weight, physical deformities in both juvenile and adult stages, and reduced fecundity [15, 16] , although few studies have examined its effects on aquatic arthropods. Here, we report the effects of lufenuron on larval growth and survival of C. riparius at low density and examine its joint effects with density on PGR.
MATERIALS AND METHODS
Chironomus riparius Meigen were obtained from a culture maintained at Jealott's Hill International Research Centre (Bracknell, UK). Culturing methods have been described previously [4] . Under optimal conditions, the life cycle is relatively short (three to four weeks). The nonfeeding adult stage is brief and largely concerned with reproduction and dispersal [17] . Adults mate on the wing, and the female deposits an egg rope into freshwater. After a couple of days, the larvae hatch and disperse in the water column before settling on the sediments. Most of the life cycle is spent in the larval stage, where the chitinous head capsule is shed and resecreted three times, Effects of density and a growth inhibitor on C. riparius Environ. Toxicol. Chem. 24, 2005 1141 resulting in four instars [18] . A day after spiking, the remainder of the overlying water was added. After a 24-h settling period, the overlying water was replaced at a rate of 50 ml/h for 24 h. The flow-through system was stopped while adding the larvae and then continued 24 h later at the rate of 16 ml/h for the duration of the studies.
In both studies, water samples (10 ml) were taken from each replicate at the start of the experiment and at regular intervals throughout the tests. Samples were analyzed by liquid scintillation counting (LSC). Six sediment samples (0.25 g) were taken from each replicate at the end of the tests and combusted using a Harvey OX500 Biological Oxidizer (Lab Impex, Teddington, UK) before LSC analysis.
Experiment 1: Effects of lufenuron on larval growth and survival at low density
Low-density populations (0.5 larvae/cm 2 , n ϭ 64 per vessel) of newly hatched larvae (age, Ͻ24 h) were exposed to an acetone control and six nominal concentrations of [ 14 C]lufenuron (15, 30, 60, 90, 120 , and 150 g/kg sediment) for 10 d. Each treatment was replicated twice, and all populations were fed a daily ration (25 mg) of Tetramin fish flakes (Tetra, Melle, Germany). After 10 d of exposure, the surviving larvae were counted, rinsed with water, and blotted dry. Random samples (n ϭ 10 larvae/replicate except for the highest concentration, where n ϭ 7) were individually weighed into a combustion cone before combustion and LSC analysis to determine body burdens. Differences in survivorship, larval wet weight, and larval body burdens were determined from the mean response of each population using a one-way analysis of variance (ANOVA) followed by Fisher's pair-wise comparisons (MINITAB 13; Minitab, State College, PA, USA).
Experiment 2: Effects of density and lufenuron on PGR
Populations of newly hatched larvae (age, Ͻ24 h) were initiated at four densities (0.5, 1, 2, and 4 larvae/cm 2 ; n ϭ 64, 128, 256, and 512 larvae/vessel, respectively) to span the range reported in the field [20] [21] [22] . All populations were fed a fixed ration (25 mg/d) of Tetramin fish flakes, so the as density increased, per capita food and space availability decreased. Populations at each density were exposed to an acetone control and three nominal concentrations of [
14 C]lufenuron (88, 113, and 138 g/kg sediment) for 67 d, when the control populations initiated at the highest density produced their first offspring. Each chemical treatment at density x was replicated twice, giving 32 test populations in total. Populations were monitored daily, and the following parameters were recorded: Number and sex of the pupal exuviae (to indicate the number of male and female flies that emerged), number of egg ropes, and number of eggs per rope, which was estimated using the ring-count method [23] . This method predicted actual counts with a very high confidence in a pilot study (regression analysis, r 2 ϭ 97%, n ϭ 10, p Ͻ 0.001). Egg ropes were removed from the test systems and stored individually in reconstituted water for up to a week to measure hatching success. Population growth rate was calculated as 1 /t log e (N 2 /N 1 ), where N 1 is the initial larval density, N 2 is the number of offspring, and t is the time (in weeks) when the most offspring were produced. The time to first adult emergence and the time to first reproduction were determined from when the populations were initiated (day 0). On their death, adults were removed from the test systems, and a random sample was oven-dried at 60ЊC for 48 h. Individuals were weighed on a Cahn 29 Automatic Electrobalance (Cahn Instruments, Cerritos, CA, USA) to the nearest microgram before combustion and analysis by LSC to determine tissue concentrations. The joint effects of larval density and [
14 C]lufenuron on PGR, measured life-history parameters, and adult body burdens were analyzed using the mean response of each population with a two-way ANOVA (MINITAB 13). The residuals were examined for normality and equal variances and were found to comply reasonably well with ANOVA assumptions.
RESULTS

Experiment 1: Effects of lufenuron on larval growth and survival at low density
At the end of the 10-d study, the mean measured sediment concentrations were within 10% of the nominal treatments of 15 to 120 g/kg. At 150 g/kg, the average measurement was 18% higher than nominal. Spiking of the sediments at 15, 30, 60, 90, 120, and 150 g/kg resulted in mean concentrations of 0.009, 0.012, 0.036, 0.050, 0.071, and 0.090 g/L, respectively, in the overlying water at the start of the experiment. After an initial decline during the first day of the test, aqueous concentrations usually became stable for the remainder of the present study.
Larval body burdens (Fig. 1a) generally increased with toxicant concentration (F 5,11 ϭ 219.57, p ϭ Ͻ 0.001). Nevertheless, differences in larval wet weight (Fig. 1b) and survival (Fig. 1c) were not apparent at the lowest concentrations. At 60 g/kg or greater, however, the mean larval body size after 10 d of exposure was reduced (F 6,12 ϭ 5.06, p ϭ 0.035), indicating the effects of lufenuron on growth, and survival also declined at 90 g/kg or greater (F 6,13 ϭ 42.28, p ϭ Ͻ 0.001).
Experiment 2: Effects of density and lufenuron on PGR
Sediment concentrations measured at the end of the present study confirmed that the desired exposure concentrations had been achieved and maintained in the sediment throughout the test. Mean measurements were within 7.9, 4.4, and 1.7% of nominal treatments of 88, 113, and 138 g/kg, respectively. Spiking of the sediments at 88, 113, and 138 g/kg resulted in mean concentrations of 0.08, 0.09, and 0.13 g/L, respectively, in the overlying water at the start of the experiment. Aqueous concentrations declined throughout the present study (as would be expected from flow-through conditions), although differences generally were discernible between treatments.
Increasing larval density had a negative effect on most of the measured life-history traits, but the effects of [
14 C]lufenuron differed with density and often resulted in a significant interaction between the two stressors ( Table 1) . As expected, increasing larval density delayed adult emergence (Fig. 2a) . Toxicant effects, however, differed with density (Table 1). (Note that the data for 138 g/kg were excluded from the ANOVA analysis because few or no survivors were found in that treatment.) At low density, lufenuron at 88 and 133 g/kg had little effect; adults began to emerge from these treatments at the same time as the controls (15-17 d after the populations were initiated). At high density, the time to and, hence, the age at first emergence rather surprisingly decreased with increasing lufenuron concentration, so at 113 g/kg, emergence times were similar regardless of initial population density. Because increasing larval density delayed adult emergence, an increase in the time to and, hence, the age at first reproduction was predictable in the control populations (Fig. 2b) . Note that at low density, the first egg ropes were deposited 5 d after the first adults (usually males) emerged, but at high density, reproduction occurred approximately three weeks after emergence at day 67. The effects of lufenuron on the time of first breeding differed with both concentration and density (Table 1). Reproduction was inhibited completely when populations were exposed to 113 and 138 g/kg, presumably because too few individuals survived. Consequently, these populations became extinct. At 88 g/kg, lufenuron had no effect on the time to reproduction at low density, but at high-density, reproduction occurred two weeks earlier than in the high-density controls (Fig. 2b) .
The proportion of the population that emerged as adults (Fig. 3a) declined with increasing density and, at low density, declined with increasing lufenuron concentration. At high density, little difference was found between control and exposed populations, with relatively few individuals reaching maturity. However, at the end of the test, no survivors were found in the exposed populations, but larvae were still present in the high-density controls. Adult body burdens were measured at 88 and 113 g/kg only (Fig. 3b) , because exposure to the highest concentration resulted in few or no survivors. Body burdens increased with lufenuron concentration (Table 1) , but within both treatments, adult body burdens declined with increasing larval density. In effect, the survivors from populations initiated at high density had accumulated approximately 30% less of the chemical than those from populations initiated at low density.
Neither increasing density nor exposure to 88 g/kg had significant effects on female body weight ( Fig. 4a and Table  1 ). Conversely, male body weight (Fig. 4b) declined with increasing density and, unexpectedly, increased by approximately 20% when exposed to 88 g/kg (Table 1) . Both density and lufenuron affected the total number of offspring per population ( Fig. 5a and Table 1 ). One of the observed effects of lufenuron was to reduce the number of egg ropes that hatched by 50% or more, while only 18% or less failed to hatch in the control populations. Because reproduction was inhibited completely at 113 and 138 g/kg and those populations became extinct, we had no data to estimate PGR, so statistical analyses were carried out on the controls and 88 g/kg treatments only. Weekly per capita PGR (Fig. 5b) declined with increasing larval density in both the controls and the 88 g/kg treatment. However, in comparison to the controls, the effects of lufenuron on PGR differed with density (Table 1) . At low density, exposure to 88 g/kg reduced PGR by 0.80 per week, whereas at high density, PGR increased by 0.15 per week. When the data were compared using a two-sample Student's t test, differences between PGR at high density were not significant.
DISCUSSION
To our knowledge, the effects of lufenuron on aquatic arthropods had not been reported previously, but Figure 1b a Emergence data were transformed before analysis using arcsine (square root). df ϭ degrees of freedom; F ϭ analysis of variance test statistic; p ϭ p value. shows that it inhibits growth in C. riparius, just as it does growth in terrestrial arthropods. However, reductions in survival also occurred at exposures greater than 60 g/kg after 10 d (Fig. 1c ). Our second experiment shows that at 88 g/ kg, lufenuron substantially reduced PGR at low density, but at high density, PGR was similar to the controls (Fig. 5b) . The joint effects of density and lufenuron on PGR therefore were less than additive-the opposite of our prediction for a growth stressor. Contrary to our assumptions, little evidence was found that lufenuron inhibited somatic growth (Fig. 2a) , as was observed at lower concentrations in experiment 1 (Fig. 1b) , and mortality rates were much higher than expected (based on Fig.  1c ). In effect, lufenuron functioned like a mortality stressor, with most of the few survivors benefiting from the increased resources.
It is curious that significant impairment of larval growth was not detected in experiment 2. Possible reasons for this may be due to the specific mode of action of lufenuron and the increased exposure time. Compared to most broad-spec- trum pesticides, benzoylphenyl ureas are slow-acting, because their effects are exerted at the time of molting. Perhaps, like some target pests, C. riparius is less sensitive to lufenuron with each molt [16] . Nevertheless, because of the relative persistence of this insect growth regulator, effects are likely to occur throughout the life cycle. Experiment 1 was stopped after 10 d of exposure, while the midges were still in the larval stage. Treated populations in experiment 2, however, were exposed for a further week or two until emergence, which also may explain the increased mortality rates. Considering the longer exposure time, lower lufenuron concentrations may have produced negative effects on somatic growth without resulting in death. However, when reductions in somatic growth were observed during the juvenile stage of some target species, mortality often occurred before reaching the adult stage [15, 16] .
It was interesting that populations initiated at high density accumulated less of the pesticide than those at low density (Fig. 3b) . During the first few days of the present study, larval densities probably were as initiated, because the first molt usually does not occur until 2 to 5 d after hatching. With more individuals, a larger total surface area exists for chemical adsorption, and consequently, less of the pesticide is bioavailable on a per capita basis. Alternatively, because lufenuron in the overlying water is likely to adsorb to the added food and ingestion is the major route of entry in target pests [24] , less food per capita at the start may have resulted in lower body burdens.
Benzoylphenyl ureas are well known for their embryocidal effects on target pests [24] , and lufenuron in particular is highly active in reducing egg hatch [25] . This effect was observed in experiment 2, where regardless of density, more than 50% of the egg ropes deposited by the exposed females failed to hatch.
Less-than-additive effects on PGR were observed in a similar study, in which high-density C. riparius populations were exposed to a mortality stressor, cypermethrin [4] . The critical life-history trait underlying compensation in C. riparius appears to be juvenile development time. Previous results indicate that a minimum development period is necessary [4] , but females need to reach a certain threshold body weight before successful emergence can occur [13, 26] . Because toxicantrelated mortalities result in more resources (food and space) for the survivors, exposed females reached their threshold weight faster and, consequently, emerged sooner and produced offspring earlier than the resource-limited controls [4] . This also was the case in experiment 2. We expected some mortalities and, therefore, increases in resource availability. However, we predicted that the joint effects of density and lufenuron stress on PGR would be additive or more-than-additive, because we assumed that the pesticide would continue to inhibit the growth and development of the surviving larvae.
In conclusion, our results show that exposure to lufenuron concentrations of 60 g/kg sediment or greater inhibited larval growth in C. riparius and, at 88 g/kg or greater, often resulted in mortality before emergence. The effects of lufenuron, however, differed with population density. At 88 g/kg, mortalities and, to a lesser extent, reduced fecundity resulted in a reduction in PGR at low density. Conversely, when populations were initiated at high density, PGR was similar to the controls, because the few survivors reached maturity sooner and started producing offspring earlier. The effect of density as a growth stressor therefore was stronger than the effect of lufenuron, which had effects similar to those of a mortality stressor. The net result was that joint effects of density and lufenuron on PGR were less than additive.
Our results provide some further evidence to support the hypothesis that chemical effects are buffered at high population densities. If less-than-additive effects are typical in the field, then standard regulatory laboratory studies that are carried out at low density may overestimate the impacts of chemical stressors. This provides some indication that we are protective of aquatic ecosystems, but the combined effects of density dependence and toxicant stress have been investigated under controlled laboratory conditions and over a relatively short period of time. Therefore, studies that consider the joint effects in the field and on several generations are necessary before less-than-additive effects are regarded as the normal response.
